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Abstract In this work, e-Fe3N nanoparticles and e-Fe3N-
based magnetic ﬂuid were synthesized by chemical reac-
tion of iron carbonyl and ammonia gas. The size of e-Fe3N
nanoparticles was tested by TEM and XRD. Stable e-Fe3N-
based magnetic ﬂuid was prepared by controlling the
proper ratio of carrier liquid and surfactant. The saturation
magnetization of stable e-Fe3N-based magnetic ﬂuid was
calculated according to the volume fraction of the particles
in the ﬂuid. The result shows that both the calculated and
measured magnetizations increase by increasing the parti-
cle concentration. With the increasing concentration of the
e-Fe3N particles, the measured value of the magnetic ﬂuid
magnetization gradually departs from the calculated mag-
netization, which was caused by agglomeration affects due
to large volume fraction and large particle size.
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Introduction
Magnetic ﬂuids or ferroﬂuids, are comprised of magnetic
nanoparticles stabilized by coating surfactants and dis-
persed in various media, most notably hydrocarbons, esters
or water [1–5]. The stability of magnetic ﬂuid depends
upon a balance between repulsive and attractive interac-
tions among nanoparticles [6]. Besides the thermal motion,
the steric and electrostatic repulsive interactions are against
Van der Waals and dipolar attractive interactions [7]. The
magnetic properties of magnetic ﬂuids depend strongly on
the size of the particles and the concentration of the
magnetic material in the dispersion. In the presence of a
magnetic ﬁeld, the magnetic moment of the particles will
try to align with the magnetic ﬁeld direction leading to a
macroscopic magnetization of the ﬂuid. When the external
ﬁeld is removed, the particles quickly randomize the
directions of their magnetic moment and the ﬂuid loses its
magnetism.
The study and application of magnetic ﬂuids were
invented in the mid-1960s, involving the multidisciplinary
sciences such as chemistry, ﬂuid mechanics, and magne-
tism. With modern advances in understanding nanoscale
systems, current research focuses on synthesis, character-
ization, and functionalization of magnetic ﬂuids. Iron oxide
ﬂuids in hydrophobic media are now used industrially for
rotating shaft seals, loudspeaker coils, and in various
magnetically promoted separations [8].
However, the magnetic properties of iron oxide-based
ﬂuids are not sufﬁcient for a number of purposes. Many
efforts have been devoted to make magnetic ﬂuid with
higher magnetization. A variety of techniques have been
developed to fabricate magnetic ﬂuid using metal particles
such as spark erosion [9] and vacuum evaporation [10].
One of the major difﬁculties encountered is that the mag-
netization of the metal particles decays with time, due to
the lack of oxidization resistance in the ambient environ-
ment. According to Nakatani et al. [11], the iron-nitride
compounds are ferromagnetic with higher magnetization
than iron oxide (Fe3O4) and are chemically stable. They are
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interstices are occupied by nitrogen atoms. It is considered
that there exists covalent bonding between the iron atoms
and the nitrogen atoms. Thus, ﬁne particles of ferromag-
netic iron-nitrides have a potential application to magnetic
ﬂuids that need a high magnetization and stability against
oxidation.
In this article, single-phase e-Fe3N-based magnetic ﬂuid
and nanometer powders were analyzed. In the magnetic
ﬂuids, the nanosized e-Fe3N powders coated by surfactants
were dispersed in carrier liquid. The assays performed for
the preparation, stability, and evaluation of the magnetic
ﬂuids are discussed in the following sections.
Experimental Procedures
Iron-nitride-based magnetic ﬂuid was synthesized accord-
ing to the method reported in Ref. [12]. The carrier liquid
was composed of 80-mL a-oleﬁnic hydrocarbon synthetic
oil (PAO4 oil with low volatility and low viscosity) and a
certain amount of succinicimide (surfactant) (see Table 1).
The iron-nitride nanometer powder can also be synthesized
using the same method. The only difference is that the
carrier liquid used in powder preparation was synthetic oil
without any surfactant. It is convenient to collect the dried
particles when they are not coated by surfactant using a
magnet. The reaction temperature of the synthetic oil was
strictly controlled at 182 C. The gas ﬂux ratio was ﬁxed at
Ar1:Ar2:NH3 = 7:2:2 where Ar1 and Ar2 represent argon
gas coming from two gas pipes according to the Ref. [12].
The argon gas Ar1 was used to carry the iron carbonyl
which was heated to gasify at 37.5 C. The argon gas Ar2
was used to control the concentration of iron carbonyl
vapor and ammonia gas in the mixed gas. The pore size
range of the porous plate used is 20–30 lm[ 12].
X’Pert PRO (Panalytical) X-ray diffractometer was used
to analyze the phase composition of magnetic particles.
The diffraction was performed with Coka1 (k = 1.7889 A ˚)
and the ray was ﬁltered by the graphite. The experimental
parameters used were: 40 mA, 35 kV, continuous scan,
scan speed 2/min. Particle sizes of iron-nitride coated with
surfactant were measured with a 2,100 fx transmission
electron microscope (TEM) operated at 200 keV. TEM
samples were prepared by dispersing the particles in
alcohol using ultrasonic excitation, and then transferring
the nanoparticles on the carbon ﬁlms supported by copper
grids. The density of the magnetic ﬂuid was measured
using a picnometer at 20 ± 1 C. The sedimentation sta-
bility of the magnetic ﬂuid was evaluated by changing the
ratio of the synthetic oil (PAO4) and surfactant. After
obtaining stable magnetic ﬂuid, the magnetic properties of
the magnetic powders and the magnetic ﬂuids were mea-
sured immediately after preparation using a LDJ9500
vibrating sample magnetometer (VSM). Samples were
contained in a small glass cup with internal dimensions of
2 9 2 9 2m m
3, which were sealed by gluing a small
cover glass over the open end. Then the glass cup was put
in the magnetic uniform area of the pole. The hysteresis
curve was recorded per 1.5 s. All measurements were
performed at room temperature. The relationship between
the calculated/measured saturation magnetization and par-
ticle content is also discussed.
Results and Discussion
Phase Structure and Particle Size
Diffraction pattern of the powders dried in vacuum is
shown in Fig. 1. Each of the diffraction peaks shown in
Fig. 1 represents different crystal plane orientation of the
e-Fe3N particles. From Fig. 1, we can see that the sites and
intensity of the diffraction peaks are consistent with the
standard pattern for e-Fe3N (JCPD No.1-1236) but it is
obvious that every peak is broadened. According to the
Scherrer relationship, dhkl = 0.9k/Bcosh (B is the half
width of XRD diffraction lines, k = 1.7889 A ˚, h is the half
diffraction angle of 2h), particle size was calculated. In this
equation the contribution to broadening by internal strains
and imperfections is not accounted. The average particle
size dhkl was determined by taking an average particle size
Table 1 The surfactant content in ﬁve magnetic samples (FN001–
FN005)
No. FN001 FN002 FN003 FN004 FN005
Carrier (PAO4) mL 80 80 80 80 80
Surfactant (succinamide)
mL
51 01 52 02 5
Fig. 1 X-ray diffraction pattern of e-Fe3N magnetic particle (Coka1)
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123of d002, d101, d102, and the average particle size of 18.9 ±
2 nm is obtained.
Figure 2a shows TEM images of e-Fe3N particles cov-
ered with surfactant. It can be seen that the e-Fe3N particles
synthesized in our experiment are spherical and have very
narrow size distributions. Every particle is covered com-
pletely by the surfactant and dispersed in the carrier liquid
homogeneously. The average particle size is about
21 ± 1 nm which approximate the sizes calculated by the
Scherrer formula. Figure 2b gives the TEM images of
e-Fe3N particles without any surfactant. It is known that
uncovered nanoparticles are easy to agglomerate for the
high surface energy. Particles in Fig. 2b are not covered
with a surfactant and they formed an agglomerate structure
which caused the image in Fig. 2b to be fuzzy compared
with Fig. 2a. The particles appear as clusters with average
particle size of 23 ± 2 nm which are larger than the par-
ticles coated with surfactant. Since the carrier liquid is only
100 mL a-oleﬁnic hydrocarbon synthetic oil, the e-Fe3N
particles cannot be covered by surfactant and the particle’s
collisions lead to the formation of larger magnetic parti-
cles. As e-Fe3N nanoparticles are ferromagnetic, one
possible explanation of the difference between calculated
value from XRD and observed particle size is due to par-
ticle aggregation under the inﬂuence of the electromagnetic
ﬁeld in the TEM [13] while X-ray line broadening analysis
discloses the size of the primary particles. Compared with
the two TEM images, we can see that the e-Fe3N particles
could be dispersed as single particles in a-oleﬁnic hydro-
carbon synthetic oil with the aid of succinicimide as
surfactant.
The Stability of the Magnetic Fluids
The stability is one of the most important properties for
magnetic ﬂuid and it will strongly affect the service life.
The well-known magnetite magnetic ﬂuids have a good
stability. Here the stability of e-Fe3N-based magnetic ﬂuid
was investigated.
In this part, ﬁve e-Fe3N magnetic ﬂuid samples were
prepared and all the reaction conditions were the same
except the content of the surfactant in the carrier liquid
given in Table 1.
After preparation, the initial density of the ﬁve magnetic
ﬂuid (qini) samples was measured. Resting all the magnetic
ﬂuid samples above in a tube for a period of time, we then
move 0.9 volume of the ﬂuid to the top of the tube. qbot
represents the density of the ﬂuid in the bottom one tenth of
the tube after resting for a period of time. The smaller
variation of the densityðqbot   qiniÞ, the more stable the
ﬂuid is. Then the stability of the ﬂuids was roughly esti-
mated from the percentage of particles suspended and it
was calculated as Eq. 1:
S% ¼ 1  
qbot   qini
qini

  100% ð1Þ
where S% expresses the suspension percentage of the
magnetic particles in ﬂuid.
After resting for 30 days, qbot of the ﬁve magnetic ﬂuids
with different surfactant were measured. The particle sus-
pension percentage (S%) of the ﬁve magnetic ﬂuid samples
was obtained using Eq. 1 and the relationships between S%
and surfactant content in the carrier liquid are given in
Fig. 3. From Fig. 3 we can see that suspension percentage
(S%) increases with the increase of surfactant content.
When the volume fraction of the surfactant in carrier liquid
reaches 20%, the S% calculated by Eq. 1 becomes the
maximum value (97%). It slightly decreases to 95% when
the volume fraction of the surfactant reaches 23.8% and
this may be caused by measurement error. According to
Eq. 1, the suspension percentage of samples FN001–
FN003 is lower and is due to the higher value of qbot.T h i s
means that the particles cannot be coated completely by the
surfactant due to the deﬁciency of surfactant content and
Fig. 2 TEM image of e-Fe3N nanoparticles. (a) Coated with
surfactant, (b) without any surfactant
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Fig. 3 The relationship between the stability of magnetic ﬂuid
related to suspension percentage of Eq. 1 and surfactant amounts
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123part of them have settled to the bottom of the tube. When
the volume ratio of surfactant was in the range of 20–
23.8% (samples FN004 and FN005), the suspension per-
centage is higher. This means that the magnetic particles
can be coated completely by the surfactant and dispersed in
the carrier liquid homogeneously (see Fig. 2a).
The stability of samples FN004 and FN005 versus time
is given in Fig. 4. It can be seen that suspension percentage
of the two samples decreases quickly in the ﬁrst 4 months.
It then changes slowly with resting time. After resting for
6 months the changes of S% for samples FN004 and
FN005 are 3.5% and 2.0%, respectively. Both of the sus-
pension percentages of samples FN004 and FN005 are kept
above 92% calculated using Eq. 1 after 6 months and they
can be considered stable.
Magnetic Properties
In this part, ﬁve stable e-Fe3N magnetic ﬂuids with dif-
ferent particle content were prepared using 80-mL
synthetic oil (PAO4) and 20-mL surfactant. Pure e-Fe3N
particles were also prepared using synthetic oil (PAO4)
only.
Figure 5 exhibits the room temperature hysteresis loops
of pure e-Fe3N nanoparticles samples under the ﬁeld up to
10 kOe.Though the 10-kOe ﬁeld may not be high enough to
saturate the sample, the powder sample approaches to sat-
uration and the value is about 83.5 emu/g, which can be
considered as the saturation magnetization (rs). In Fig. 5 we
can see that there is a small amount of hysteresis loss in the
curve and this may be caused by the size of the particles. For
the particles with no surfactant during preparation, the size
of part of the particles in the powder sample is larger than
the single domain dimension which will show some ferro-
magnetic loss. The coercivity value (Hc) of the particles
was measured to be 129 Oe. According to Viota et al. [14],
the volume fraction (U) of a solid phase in magnetic ﬂuid
can be obtained by measuring the magnetic ﬂuid density
(q). The density of the ﬂuid can be expressed as Eq. 2:
q ¼ qSU þ qfð1   UÞð 2Þ
where qf (0.84 g/cm
3) is the density of the liquid phase and
qs(6.88 g/cm
3) is the density of solid phase. Then the
volume fraction (U) of the solid phase in magnetic ﬂuid is
U ¼
q   qf
qS   qf
ð3Þ
If the interaction between magnetic particles in a certain
magnetic ﬂuid is ignored, the saturation magnetization of a
magnetic ﬂuid should be considered as the sum of the
magnetization of all the dispersed magnetic particles.
Taking the density (q) as a variable, the value of the sat-
uration magnetization (emu/g) for magnetic ﬂuids can be
expressed as:
r ¼ qS
rS
q
q   qf
qS   qf

ð4Þ
where rs and r are the magnetization of the dispersed
particles and magnetic ﬂuid, respectively.
Figure 6 gives the relations between the calculated
volume fraction (U) of particles and the density of the
magnetic ﬂuid samples using Eq. 3. It can be noticed that
the density of the ﬂuid increases linearly with increasing U
of iron-nitride magnetic particles in the ﬂuid. The mea-
sured magnetization and the calculated values using Eq. 4
for the different volume fractions of the e-Fe3N-based
magnetic ﬂuids are also shown in Fig. 6. It can be seen that
both the calculated and measured magnetizations increase
with increasing U of the particles in the ﬂuid. At the low
concentrations, the measured values are close to the
calculated one. With the increasing volume fraction of the
e-Fe3N particles, the measured values gradually depart
from the calculated magnetizations. The phenomenon may
be caused by two reasons: (1) particle volume fraction,
(2) particle size. In magnetic ﬂuid, in addition to the
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Fig. 4 The relationship between suspension percentage and resting
time
Fig. 5 Hysteresis loops at room temperature of the e-Fe3N nanopar-
ticles under the ﬁeld up to 10 kOe (rs = 83.5 emu/g)
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123hydrodynamic interaction, there exists the dipolar–dipolar
interaction affecting particle relative motion [15]. In low-
concentration magnetic ﬂuid samples, magnetic dipolar
interactions between magnetic particles are neglected and
the magnetic particles in the ﬂuid feel only the external
magnetic ﬁeld ﬁtting the hypothesis of Eq. 4. For higher
concentrations, dipolar–dipolar interaction of particles
cannot be ignored and this kind of interaction may affect
particles’ relative motion when magnetized. The interac-
tion between magnetic dipoles increases with the increase
of particle concentration and the magnetic moments of part
of the particles that are not fully aligned with the magnetic
ﬁeld. The magnetic ﬂuid samples are not yet saturated
during the measurement. Due to the wide particle size
distribution, part of the nanoparticles is in the single
domain range. Thus, the super paramagnetic fraction
present in the samples might reduce the magnetization
since the magnetic measurements were performed at room
temperature. The reasons mentioned above will enlarge the
difference between the measured and calculated values.
Conclusions
In this work, the size of e-Fe3N nanoparticles was tested by
TEM and XRD. Compared with the results, both of the
methods are suitable to particle size testing within the
experimental error. The amount of surfactant in the ﬂuid
seriously affects the stability of magnetic ﬂuid. Stable
e-Fe3N-based magnetic ﬂuid was prepared by controlling
the ratio of carrier liquid and the optimized volume ratio
for synthetic oil (PAO4) and surfactant was 4:1. Both the
measured and calculated magnetizations increase with
increasing particle fraction in the ﬂuid. With the increasing
concentration of the e-Fe3N particles, the measured values
gradually depart from the calculated magnetization, which
is caused by the volume fraction and size of the particle
agglomeration.
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